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nism. If the appropriate individual single-neu-
tron-transfer cross sections can be determined
experimentally, as in the present work, one can
have greater confidence that the sequential ampli-
tudes have been taken into account properly.
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y-ray excitation functions have been measured for several residual nuclei in the C+~ 0
system, from E, ~ =12.2 to 15.0 MeU in steps of -27 keU. In addition to three known
resonances, a fine correlated structure is found superimposed over a broad resonance,
as suggested by the mechanism of a fragmented shape resonance. The data may also be
interpreted to indicate that the system decays via two different paths.

During the past two or three years several
resonances of the same spin and similar energy
have been reported" in the "C+ ' C and "C+"0
systems. This resonance clustering has led
Feshbach' and Fletcher e& a~. ' to suggest that we

are witnessing a fragmentation of a wide shape
resonance via a weak coupling of the incoming
partial wave to the excited states of the interact-
ing ions. However, many of the resonances have

not been proven' to be nonstatistical in nature.
In this I etter, we report on the y-ray yield

measurement for several residual nuclei in the
"C+"0 system, from E ~ =12.2 to 15.0 MeV.
In addition to three known ' resonances at 12.8,
13.7, and 1.4.8 MeV c.m. , we find for the first
time a fine structure in the fusion cross section.

This fine structure, about 70 keV wide, super-
imposed oper a gross structure, approximately
2 MeV wide, presents for the first time a direct
visualization of a fragmented wide shape reso-
nance. Furthermore, resonances of different
widths are also observed, suggesting that the
system decays via two different paths.

The experiment was performed using "0beams
from the University de Montreal EN tandem ac-
celerator. The targets of natural C, having an
effective thickness of about 12 pg/cm', were
evaporated onto thick Ta backings. They were
surrounded by a liquid-nitrogen-cooled shield
which effectively limited the carbon buildup, if
any, to less than 1% over a, period of 96 hours.
The mean beam energy loss in the target was of
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the order of 44 keV at 32-MeV incident beam en-
ergy. Data were taken in steps of 62.5 keV from
28.5 to 33.0 MeV, and in steps of 125 keV from
33.0 to 35.0 MeV, all energies being expressed
in the laboratory system. The y-ray energy
spectra up to E& =2.5 MeV were measured with
a Ge(Li) detector, having an efficiency of 21%,
and located at 90' to the incident beam and 9 cm
from the target.

The spectra were dominated by photopeaks at-
tributed to the following exit channels: "Mg
~ n(E

&
= 1369 keV), "Na+ np (440 keV), "Ne

+2m(1634 keV), 'Mg+2P(1809 keV), "Al+Pn(417
keV), and the Coulomb excitation of the tantalum
backing. Although the "Al+p channel accounts'
for 2(Po of the fusion cross section near E,
=12 MeV, the particular nature of the branching
among the low-lying states does not result in sig-
nificant yields of the 844- or 1014-keV y rays.
However, if the intensities of all the weak ground-
state transitions are summed, an appreciable
yield results for this channel, but with an error
too large to yield a meaningful excitation function.
In addition, charged-particle spectra' show that
a large number of levels is indeed populated in
this range in 'Al.

Excitation functions are displayed in Fig. 1.
They have been corrected for the relative effi-
ciency of the Ge(Li) detector using a "'Eu source.
Typical uncertainties in the relative yields vary
from (2-4Po. The top curve in Fig. 1 labeled
"total" represents the summation of all the y-ray
yield curves shown and is expected' to represent
nearly 8070 of the actual fusion cross section in
this energy range. The y rays can be considered
to be emitted by the recoiling fragments after
particle evaporation from the fused system.

The peak-to-valley ratios, of the order of 1(Po,
observed in the fusion cross section are consis-
tent with those obtained" in some other fusion-
cross-section measurements, but with much
coarser energy steps (typically 500 keV lab),
and in different energy ranges.

It is highly unlikely that the observed struc-
tures correspond to statistical fluctuations. The
effective integration over all angles of particle
emission and most individual transitions in the
residual nuclei, inherent in a y-ray yield meas-
urement, lea,ds to large damping effects. For
example, we obtain a cross-correlation coeffi-
cient of 0.5 between the a and nP channels, com-
puted over the whole energy range, while a zero
va, lue is expected if these two channels are statis-
tically independent. A complete statistical analy-
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FIG. 1. y-ray excitation functions for several resid-
ual nuclei in the ' C+ O system, corrected for the
relative efficiency of the Ge(Li) detector. The top
curve labeled "total" is a summation of all the excita-
tion functions and is expected to represent -80/0 of the
fusion cross section.

sis will appear in Ref. 5.
Calculations performed with the code HAUSEH

by Christensen, Switkowski, and Dayras' indicate,
as explained in detail in Ref. 5, that over our en-
ergy range, sequential decay into "Na and "Ne
following the 4Mg+ n exit channel must be, on the
average, less than llflo. In addition, a sequential
decay cannot possibly be a general explanation of
the observed effects. In the limited energy range
studied, one cannot expect to have sometines se-
quential decay and at other times simultaneous
three-body breakup; i.e., all the peaks in the o.
channel should also be found in the np and 2e
channels, if sequential decay is the predominant
mechanism. This is not the case. Furthermore,
correlated effects are also observed in the 2p
channel which cannot possibly arise from sequen-
tial decay following the emission of ~ particles.

Also, the observed effects cannot be due to a
special selectivity of high-spin states since cal-
culations by Greenwood et a~. ' show that for this
reaction, in this energy range, the number of
open channels is larger than 10' for J= (5-9)@.
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Furthermore, our statistical calculations' give
a value of N, ~~ 500 from the + exit channel alone.

Thus, it can be surmised that, in addition to
three known' ' resonances at 12.8, 13.7, and
14.8 MeV c.m. , a fine structure, about 70 keV
wide, is found in the total fusion cross section.
This fine structure, partly correlated, reveals
itself most clearly in the + exit channel where it
is superimposed over a gross structure, approxi-
mately 2 MeV wide. There are two new strongly
correlated resonances at 13.6 and 13.8 MeV,
and more weakly correlated structures at 13.0,
13.2, 13.3, 13.5, and 14.2 MeV.

The fine structure could be related to the frag-
mentation of wide shape resonances evoked by
Feshbach' and Fletcher e& al. ' Using the semi-
classical expression for the grazing orbit with a
radius parameter ~, of 1.50 fm, we find an L =9
partial wave at 13.73 MeV (c.m. ), close to the
centroid of the gross structure. In addition, the
13.7-MeV resonance has previously' been as-
signed J"= 9 . However, spine and reduced par-
tial widths of the narrow resonances will have to
be measured before it can be stated that the fine
structure is definitely related to the underlying
gross structure, as suggested by the fragmenta-
tion picture.

Another interesting aspect of the data is re-
vealed by the different widths of the 12.8- and
14.8-MeV resonances (1 „,.-150 keV) as com-
pared with those of the fine structure (I', , -70
keV). These results indicate that the former
resonances decay directly from their doorway-
state structure (i.e., a dinuclear molecular or
n-cluster configuration) while the narrower reso-
nances would arise from the doorway states de-
caying entirely through the compound nucleus,
making it more probable that the structure will

be seen in all the exit channels, as appears to be
the case.
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